TLS (translocated in liposarcoma), also known as FUS (fused in sarcoma), is an RNA/DNA-binding protein that plays regulatory roles in transcription, pre-mRNA splicing and mRNA transport. Mutations in TLS are responsible for familial amyotrophic lateral sclerosis (ALS) type 6. Furthermore, TLS-containing intracellular inclusions are found in polyglutamine diseases, sporadic ALS, non-SOD1 familial ALS and a subset of frontotemporal lobar degeneration, indicating a pathological significance of TLS in a wide variety of neurodegenerative diseases. Here, we identified TLS domains that determine intracellular localization of the murine TLS. Among them, PY-NLS located in the C-terminus is a strong determinant of intracellular localization as well as splicing regulation of an E1A-derived minigene. Disruption of PY-NLS promoted the formation of cytoplasmic granules that were partially overlapped with stress granules and P-bodies. Some of the ALS-linked mutations altered both intracellular localization and splicing regulation of TLS, while most mutations alone did not affect splicing regulation. However, phospho-mimetic substitution of Ser505 (or Ser513 in human) could enhance the effects of ALS mutations, highlighting interplay between post-translational modification and ALS-linked mutations. These results demonstrate that ALS-linked mutations can variably cause loss of nuclear functions of TLS depending on the degree of impairment in nuclear localization.
INTRODUCTION
TLS (translocated in liposarcoma)/FUS (fused in sarcoma) is an RNA/DNA-binding protein implicated in multiple diseases. As its name indicates, chromosomal translocation of TLS was found in sarcoma and leukemia and results in the production of an oncogenic fusion protein that consists of the N-terminal portion of TLS and a partner protein such as CHOP and ERG (1) (2) (3) . The N-terminus region of TLS is rich in Gln, Ser, Tyr and Gly residues (QSYG) and acts as a transcriptional co-activation domain (4) . Recently, TLS has been implicated in neurodegenerative disorders. Huntington's disease (HD) is an autosomal dominant disease caused by an expansion of a CAG repeat that encodes a polyglutamine tract in the huntingtin protein. We previously reported that TLS is a protein component of inclusion bodies in HD patients and a model mouse (5) . Moreover, TLS is also found in the inclusion bodies of other polyglutamine diseases such as spinocerebellar ataxia (SCA) type 1, 2 and 3 and dentatorubralpallidoluysian atrophy (DRPLA) (6, 7) . These results raised a possibility that TLS function is compromised by polyglutamine disease proteins.
More recently, mutations of TLS were identified in familial amyotrophic lateral sclerosis (ALS) type 6 (ALS6) and some sporadic ALS patients (8) (9) (10) . The inheritance of ALS6 is autosomal dominant with the exception of a recessive mutation, H517Q (8) (9) (10) . The majority of mutations have been identified in exon 15 that encodes the C-terminal end of the protein, where a nuclear localization signal (NLS) is predicted (10, 11) . Most others are missense mutations located in distinct regions of the open reading frame (10) . In ALS6 patients, ubiquitin-positive cytoplasmic inclusions of TLS have been identified (8, 9) . Furthermore, TLS pathology has been identified in a subset of frontotemporal lobar degeneration (FTLD), now classified as FTLD-FUS, which includes atypical FTLD with ubiquitinated inclusions (aFTLD-U), neuronal intermediate filament inclusion disease (NIFID) and basophilic inclusion body disease (BIBD) (6, (12) (13) (14) (15) . These observations indicate that TLS pathology is common to a wide spectrum of brain diseases. Remarkably, this situation was preceded by another RNA-binding protein, TDP-43 (transactive response DNA-binding protein 43) (10) . TDP-43 has been identified as a major component of inclusions in sporadic ALS as well as the majority of FTLD with ubiquitin-positive inclusions (FTLD-U) (16) . Subsequently, TDP-43 mutations have been found in ALS and FTLD patients (17, 18) . TDP-43-positive inclusions were observed in FTLD caused by mutations of other genes such as GRN and VCP (16, 19) . Thus, FTLD subtypes with TDP-43-positive inclusions are now categorized as FTLD-TDP (15) . Initially, pathological changes of TDP-43 and TLS were thought to be mutually exclusive, and TLS was not expected to be present in the inclusions of FTLD-TDP and most of sporadic ALS (6, 10) . More recently, however, TLS immunoreactivity was detected in TDP-positive inclusions of sporadic ALS, non-SOD1 familial ALS and FTLD with or without GRN mutations (20) . Therefore, TLS and TDP-43 are major proteins aberrantly accumulated in a wide range of ALS and FTLD tissues, suggesting common pathogenic pathways between these diseases.
In this context, it is crucial to understand the cause and consequence of TLS mislocalization in the inclusions. It is still unclear whether ALS6 mutations result in a loss or gain of function. TLS regulates various steps of RNA metabolisms including transcription, pre-mRNA splicing and mRNA transport (10) . TLS contains three types of RNA-binding motifs, three Arg-Gly-Gly (RGG) boxes (RGG1, RGG2 and RGG3), an RNA recognition motif (RRM), and a zinc-finger motif (ZnF). The ZnF is involved in the binding to RNA containing a GGUG motif, a preferential sequence for TLS (21, 22) . To date, two independent TLS knockout mouse strains were established (23, 24) . These models revealed that TLS deficiency causes postnatal lethality in inbred animals, abnormal neuronal morphology, chromosomal instability, sensitivity to ionizing irradiation and male infertility (23) (24) (25) . However, although an extensive analysis of neurological or behavioral features has not been conducted, heterozygous animals are healthy. Like TLS, TDP-43 is involved in transcription and alternative splicing (26, 27) . TDP-43 is a nuclear protein and cytoplasmic accumulation of TDP-43 in ALS and FTLD-TDP is accompanied by concomitant depletion of this protein from the nucleus (16), suggesting loss of nuclear functions of TDP-43 in these conditions. Importantly, splicing misregulation of a large number of genes has been reported in sporadic ALS (28) . Considering the pathological and functional similarity between TLS and TDP-43 and their common roles in alternative splicing, it is crucial to characterize splicing regulation of TLS. Although few splicing targets of TLS have been identified (29) , the adenoviral E1A minigene has been shown to be a suitable reporter system to study TLS splicing regulatory activity (30) (31) (32) .
Here we tried to identify factors that determine TLS splicing regulatory activity and its intracellular localization. For this purpose, we established a splicing reporter modified from E1A, which facilitated the functional analysis of TLS. We then examined the effect of ALS-related mutations on the function of TLS and found deficit of splicing regulation in a subset of ALS mutants. We also noticed that post-translational protein modifications can modulate the function of TLS in combination with ALS mutations.
MATERIALS AND METHODS

cDNA clones and constructs
Murine TLS cDNA fragment was amplified by polymerase chain reaction (PCR) from TLS-V5 (5) using a primer pair of BamHI-Tls-Fw and XhoI-Tls-Rv for EGFP-TLS-ext or BamHI-Tls-Fw and XhoI-Tls-stop-Rv for EGFP-TLS and inserted in the BglII-SalI sites of pEGFP-C1 (Clontech). TLS-EGFP was made by inserting the TLS fragment amplified by using BamHI-Tls-Fw and XhoI-Tls-Rv into the BglII-SalI sites of pEGFP-N3 (Clontech). Deletions of TLS were made by PCR. TLS-M9 fragment was amplified using BamHI-Tls-Fw and XhoI-Tls-M9-Rv and inserted in the BglII-SalI sites of pEGFP-C1. E1A minigene fragment was amplified from pCS-MT-E1A, a kind gift from Dr. Moreau-Gachelin (30), by PCR using a primer set of BglII-E1A-Fw and SalI-E1A-Rv. This fragment was inserted in pEGFP-C1 to make EGFP-E1A minigene. E1A/mut12s and E1A/mut13s were made by introducing substitutions of 3 0 -splice site of 12s and 13s in the context of EGFP-E1A. RFP-fused huntingtin exon 1 constructs (18Qex1-RFP and 108Qex1-RFP) were made by inserting huntingtin fragments cleaved by HindIII and BamHI from pcDNA3.1-tNhtt-17Q-EGFP-NLS or pcDNA3.1-tNhtt-153Q-EGFP-NLS (5) to the HindIII-BamHI sites of pcDNA3 with RFP (33) . Due to the instability of CAG repeat, the repeat length of mutant huntingtin fragment was variable. We chose a clone with CAG108 or CAG105 for a mutant fragment. For making NLS-fused constructs, oligonucleotides encoding SV40 NLS (BamHI-NLS-BglII-Fw and BamHI-NLS-BglII-Rv) were annealed and ligated with each other to multimerize NLS and cleaved with BglII and BamHI to eliminate head-to-head ligation products. A ladder of multimerized NLS was resolved by agarose gel electrophoresis and the band corresponding to three copies of NLS was collected. Recovered DNA from the band was inserted into the BamHI site of pcDNA3 with RFP to make pcDNA3/NLS-RFP, the BglII site of pEGFP-C1 to make pEGFP-C1-NLS, or the BamHI site of pEGFP-N3 to make pEGFP-N3-NLS. 18Qex1-NLS-RFP and 108Qex1-NLS-RFP were made by inserting above huntingtin fragments into the HindIII-BamHI sites of pcDNA3/NLS-RFP. For making EGFP-fused huntingtin constructs, huntingtin fragment were amplified using BamHI-Htt-Fw and XhoI-Htt-Rv from 18Qex1-RFP and 108Qex1-RFP, and cleaved by BamHI and XhoI. The resultant fragments were inserted into the BglII-SalI sites of pEGFP-N3-NLS to make 18Qex1-NLS-EGFP and 105Qex1-NLS-EGFP, or into the BglII-SalI sites of pEGFP-N3 to make 18Qex1-EGFP and 105Qex1-EGFP. G3bp1 and TIAR were amplified from mouse cDNA library. A FANTOM3 clone, G730049H03, encoding Nucleolin (Ncl) was provided from Dr Hayashizaki (34) . cDNA fragments of G3bp1, TIAR and Ncl were inserted into the BglII-SalI sites of pEGFP-C1 or pRFP-C1 (35) .
RFP-M9M and RFP-Bimax2 were made by inserting annealed oligonucleotides encoding M9M and Bimax2 into the BglII-SalI site of pRFP-C1. For making NES-TLS, NES-encoding oligonucleotides, BspEI-NES-Fw and BglII-NES-Rv, were annealed and inserted into the BspEI-BglII sites of pEGFP-C1 and then TLS was inserted in the BglII-SalI sites. The sequence of oligonucleotides is shown in Supplementary Table S1. All constructs were confirmed by sequencing.
Antibodies and reagents
Mouse anti-myc and Alexa-conjugated secondary antibodies were from Invitrogen; rabbit anti-GFP (598) and rabbit anti-Rck/p54/DDX6 (PD009) were from MBL; mouse anti-CUGBP1 (3B1), goat anti-LaminB (M-20), goat anti-eIF3B (sc-16 377), goat anti-TIAR (C-18, sc-1749) and rabbit anti-eIF2a (FL-315, sc-11386) were from Santa Cruz Biotechnology; rabbit anti-FUS (A300-302A) was from Bethyl Laboratories; mouse anti-G3bp1 (611 126) and mouse anti-TLS (611 384) were from BD Transduction Laboratories; rabbit anti-FUS (HPA008784) and rabbit anti-Nucleolin (N2662) were from Sigma-Aldrich; rabbit anti-eIF4G (#2498) was from Cell Signaling Technology. Rabbit anti-TLS-M and anti-TLS-C were described previously (5) . Emetine and leptomycin B were purchased from Sigma-Aldrich. Puromycin, G418 and blasticidin were from Invitrogen. Actinomycin D was from Nacalai Tesque.
Cell culture and transfection
N2a, COS-7 and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum. For minigene assays, cells were cultured in 12-well plates and transfected with 0.5 mg of plasmids for protein expression and 0.01 mg of plasmids for the expression of a minigene using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. For western blot and immunocytochemistry, see Supplementary Materials and Methods.
Cellular splicing assay
Transfection and cDNA synthesis from cellular RNA were performed as previously described (35) . Transfection efficiency was equivalent among constructs in N2a cells, which was determined by the fraction of EGFP-positive cells ($80%). Minigene fragments were amplified by PCR using a fluorescein isothiocyanate (FITC)-labeled forward primer, FITC-E1A-splicing-ex1-Fw and a non-labeled reverse primer, E1A-splicing-ex2-Rv. For E1A/mut12s and E1A/mut13s minigenes, FITC-GFP-Fw and E1A-splicing-ex2-Rv were used for amplification. The sequence of primers is listed in Supplementary Table S1 . PCR products were resolved by 2.5% agarose gel electrophoresis. The fluorescence of PCR products was captured by LAS1000 (FUJIFILM). Intensity of band signals was quantified by Multigauge software (FUJIFILM). For the quantification of E1A/ mut12s splicing, the ratio of 9s was calculated as 9s/ (9s+13s) Â 100.
Determination of nucleocytoplasmic localization of EGFP-tagged proteins
EGFP-tagged constructs were transfected into N2a or COS-7 cells plated in 24-well plastic plates. Twenty-four hours post-transfection, cells were fixed with 4% paraformaldehyde/PBS containing Hoechst 33342 for 30 min and washed three times with PBS. ArrayScanV TI High Content Screening Reader (Cellomics) was utilized for fluorescent cell image analysis. Cells were identified by their nucleus stained by Hoechst and EGFP-positive cells were selected. For each EGFP-positive cell, average EGFP intensities inside and outside of the nucleus were quantified. A nucleocytoplasmic index (NCI) was defined as (cytoplasmic intensity per pixel)/(cytoplasmic intensity per pixel+nuclear intensity per pixel). This value ranges from 0 to 1 and a higher value indicates stronger cytoplasmic localization in the cell. In one experiment, at least 150 cells were analyzed for each construct and the average NCI value of the cell population was calculated. The 'average NCI' value shown in the figures are the mean of average NCI determined from at least three replicates. When necessary, cells were treated with actinomycin D (actD) at the final concentration of 10 mg/ml for 6 h.
RESULTS
EGFP-fused TLS protein
We first examined the distribution of endogenous TLS in mouse tissues. TLS was detected predominantly in the nuclei of cells in the cerebral cortex, spinal cord and striatum using multiple antibodies recognizing different regions of the protein ( Figure 1A for anti-TLS-C and data not shown). Similarly, intracellular localization of endogenous TLS in mouse neuroblastoma Neuro2a (N2a) cells was detected exclusively in the nucleus using anti-TLS antibodies ( Figure 1B and data not shown). We utilized murine TLS that was fused to enhanced green fluorescent protein (EGFP) at the N-terminus of TLS (EGFP-TLS). EGFP-TLS localized in the nucleus in N2a cells, as with the endogenous TLS ( Figure 1B) . In contrast, when EGFP was fused at the C-terminus of TLS (TLS-EGFP), the resultant protein was localized in both nucleus and cytoplasm with occasional formation of cytoplasmic inclusion-like structures or granules (Supplementary Figure S1A and B). Similar intracellular localization was observed when EGFP was fused to the N-terminus of TLS lacking its own stop codon and an extension of l3 amino acids derived from the vector was located at the C-terminus (EGFP-TLS-ext; Supplementary Figure S1A and C). These results suggested that tagging at the C-terminus of TLS can affect its subcellular localization. We next examined the splicing regulatory activity of EGFP-TLS. We utilized the E1A minigene ( Figure 1C ), a known splicing substrate regulated by TLS (30, 32) . EGFP-TLS increased the ratio of the shortest spliced product, 9s and decreased both 13s and 12s, consistently with the previous results (32) . Finally, as in the case of endogenous TLS (5), EGFP-TLS was sequestered by the inclusion bodies of mutant huntingtin exon 1 fused with monomeric red fluorescent protein (RFP) ( Figure 1D ). Similarly, RFP-fused TLS localized in the nucleus as with EGFP-TLS and was sequestered by aggregates of mutant huntingtin exon1 (Supplementary Figure S1D) . Thus, EGFP-TLS reproduced previously known features. Based on these results, we decided to use EGFP-TLS as a model protein in the subsequent studies.
Determinants of TLS regions for intracellular localization
We examined a number of deletion mutants of EGFP-TLS to identify the determinants of intracellular localization (Figure 2 and Supplementary Figure S2 ). To quantitatively evaluate the localization of the mutants, we measured EGFP intensity in both nucleus and cytoplasm of transfected cells. Relative contribution of cytoplasmic intensity in each cell was represented by a value designated a nucleocytoplasmic index (NCI). NCI ranges from 0 to 1 and a higher NCI indicates stronger cytoplasmic localization of the cell. An average NCI was calculated from the NCI values of all transfected cells of a construct and was used as a simple indicator of localization. For example, EGFP showed an average NCI value around 0.5. The average NCIs of EGFP-nucleolin (nuclear protein) and EGFP-G3bp1 (cytoplasmic protein) were 0.1 and 0.9, respectively (Supplementary Figure S3A ).
PY-NLS is a class of NLS that is mediated by transportin/karyopherin b-2 and can be predicted by consensus motifs (11) . Interestingly, a previous study predicted a PY-NLS at the very C-terminus of TLS, which directly binds with transportin (11) . Consistently, all mutants containing the C-terminus region (amino acids 500-518) localized exclusively in the nucleus (Figure 2 and Grich-PY, RGG2-PY and ZnF-PY in Figure 3A ). Interestingly, the full length protein showed exclusion from the nucleoli, whereas other deletions containing the PY-NLS region did not show such exclusion ( Figure 3A ). This may be determined by the N-terminus QSYG region, as QSYG exhibited nucleoplasmic distribution with nucleolar exclusion similar to the full-length protein, although QSYG was also localized in the cytoplasm ( Figure 3A and Supplementary Figure S4A ). Next, when a C-terminal region corresponding to exon 15 was deleted, the protein, Áex15, showed enhanced cytoplasmic distribution ( Figures 2 and 3B , top panels). Cells with higher expression of Áex15 tended to exhibit small and/or large granular structures ( Figure 3B , middle and bottom panels). Thus, PY-NLS promotes nuclear localization and its disruption leads to cytoplasmic accumulation of TLS. Similar cytoplasmic structures were observed in the Figure 3C ). Since the exclusion of RRM from the nucleus was incomplete, the NES activity seemed relatively weak. Interestingly, Grich-RRM did not show cytoplasmic accumulation despite the presence of RRM (Figures 2 and 3C ). Since Grich-RGG1 lacking RRM was diffusely distributed throughout the cell and did not promote particular localization ( Figure 3C ), Grich-RGG1 may negatively modulate the NES activity in the RRM.
Lastly, to directly examine whether disruption of PY-NLS is sufficient for cytoplasmic localization and/or granular formation, we used RFP-fused M9M peptide that specifically binds to transportin and inhibits PY-NLS-mediated nuclear localization (37) . Cells with strong RFP fluorescence showed cytoplasmic localization of endogenous TLS ( Figure 3D , arrows), with some granular structures. The effect of RFP-M9M seemed to be dose-dependent as cells with weaker or no RFP fluorescence showed normal TLS distribution in the nucleus ( Figure 3D , arrowheads). In contrast, TLS was resistant to RFP-fused Bimax2 (Supplementary Figure S4B) , an inhibitory peptide against importina/b-dependent classical NLS (38) . A similar observation was found with EGFP-TLS co-transfected with RFP-M9M (Supplementary Figure S4C) . These results verified the function and specificity of the predicted PY-NLS.
Cytoplasmic granules of TLS have the characteristics of RNA granules
Previously, TLS was reported to be recruited to stress granules (SGs) in response to stress (39) . SG is a cytoplasmic structure thought to act as a triage of mRNA to allow adaptive translation in stressed conditions (40) . Larger cytoplasmic granules of Áex15 were colocalized with eIF3 ( Figure 3B , bottom panels), which serve as a marker of SGs (41, 42) . Since the cells were not treated with stress stimuli, this observation indicated that TLS can induce or nucleate stress granules when overexpressed as in the case of TIA-1 and G3BP (40) . In contrast, smaller granular structures were not positive for eIF3 immunoreactivity ( Figure 3B , middle panels). In N2a cells, small granules were predominant structure. Large eIF3-positive granules were observed in roughly 20% of cells positive for cytoplasmic granules. We then identified the region of TLS essential for cytoplasmic granule formation. Grich-RGG3 and RGG2-RGG3 occasionally showed large cytoplasmic granular structures positive for eIF3 ( Figure 4A ), while shorter constructs did not efficiently form such structures. The ZnF motif was not an essential region as RGG2-RGG3(ÁZnF) could form eIF3-positive granules ( Figure 4B , arrows in upper panels). In addition, RGG2-RGG3(ÁZnF) showed accumulation in the nucleoli ( Figure 4B , lower panels), suggesting that the ZnF may inhibit the nucleolar localization of RGG regions. Then, we tested a variant of EGFP-TLS (NES-TLS) in which an NES derived from protein kinase inhibitor alpha (PKI-a) was inserted to enforce cytoplasmic localization without directly disrupting the PY-NLS sequence. NES-TLS exhibited an increased cytoplasmic localization as expected and occasionally formed small and large granules (upper and lower panels, respectively, in Figure 4C ). Thus, cytoplasmic localization, rather than mutation or deletion of PY-NLS itself, is a determinant of granule formation. Cytoplasmic granules were also observed in COS-7 cells. In COS-7 cells, large granules were more prevalent than in N2a and most of cells with cytoplasmic granules were also positive for eIF3 granular staining. In addition to eIF3, other SG markers were colocalized with large, but not small, cytoplasmic granules ( Supplementary Figure S5 and Supplementary Data).
SGs are known to be dynamic and their assembly is dependent on the amount of non-polysomal mRNA (43) . Emetine is a translational inhibitor that stabilizes polysomes and reduces SGs, whereas puromycin, another translational inhibitor, destabilizes polysomes and facilitates SG formation. SG-like structures of Áex15 were reduced by emetine treatment, while enhanced by puromycin ( Supplementary Figure S4D ). Finally, we examined the relationship of TLS and P-bodies (PBs), another class of RNA granules associated with mRNA silencing and decay (44) . Rck/DDx6 was used as a marker of PBs. Interestingly, some of the small granules of TLSÁex15 showed a partial overlap with PBs ( Figure 4D , arrows), whereas other small granules were independent of PBs in N2a cells ( Figure 4D, arrowheads) . eIF3 showed a diffuse distribution and was not enriched in these TLS small granules ( Figure 4D ). Remarkably, cells with highly accumulated cytoplasmic TLSÁex15 ($10% of transfected cells) showed only a very small number of PBs ( Figure 4E , emphasized by a dashed line in the left bottom panel). This was observed in most cells with eIF3-positive large granules and a fraction of cells with small granules. Such depletion was not observed in cells with high expression of EGFP or EGFP-TLS (data not shown). In COS-7 cells, PBs were often preserved in cells with SG-like large granules ( Figure 4F ). In these cells, some PBs were located inside of large TLS granules, a pattern not observed in N2a cells (Figure 4Fa ). Other PBs were closely located with TLS granules (arrow), or independently distributed in the cell (arrowhead, Figure 4Fb ). Depletion of PB could be observed in COS-7 cells, although depletion was less clear than in N2a cells (data not shown). Thus, despite some cell-specific differences, TLS granules are associated with two classes of RNA granules, SGs and PBs. In addition, the appearance of PBs was affected by the overload of cytoplasmic TLS.
E1A minigene variants that facilitate the analysis of splicing regulation
Although the E1A minigene was useful for splicing analysis of TLS, the interpretation of the results was complicated by the multiplicity of splice products. To simplify the analysis of E1A splicing, we tested two variants of E1A that were designed to disrupt one of major spliced isoforms (12s or 13s) by mutating the flanking spliced site ( Figure 5A ). As expected, both E1A/mut13s and E1A/mut12s minigenes did not show the spliced product corresponding to 13s and 12s, respectively ( Figure 5B ). When EGFP-TLS was transfected, an increase in 9s was observed with both minigenes ( Figure 5B) . Therefore, the responsiveness of E1A to EGFP-TLS was retained in these variant minigenes. Since these minigene showed only two major spliced products (9s and either 12s or 13s), these could simplify the splicing analysis. We used the E1A/mut12s minigene for the subsequent studies.
Determinants of TLS splicing activity
We tested TLS deletion mutants in an E1A/mut12s splicing assay to identify TLS domains contributing to splicing regulation. As shown in Figure 5C , deletion of QSYG and Grich-RRG1 and RRM regions did not impair the activity of EGFP-TLS. We then tested further deletions from RGG2-PY to specify the essential domains. Deletion of any of RGG2, ZnF, or PY-NLS weakened the regulatory activity ( Figure 5C ). Thus, a C-terminal region from RGG2 to PY-NLS is the minimal region for an optimal splicing regulatory activity. We also tested internal deletions of Grich-RGG1, RRM, RGG2 or RGG3. Deletion of RGG2, but not the other regions, reduced the activity of EGFP-TLS ( Figure 5D ). Although the level of protein expression was variable among constructs, this could not explain the difference of splicing activity because all proteins showed protein expression equivalent to or higher than TLS ( Supplementary Figure S6A and B) . In conclusion, two RNA-binding motifs, ZnF and RGG2 and the PY-NLS are essential for the splicing regulation by TLS.
Although the contribution of PY-NLS to the splicing regulation was reasonable, it was not excluded that the C-terminal region overlapped with another functional motif involved in the splicing regulation. We examined a mutant of TLS (TLS-M9) in which the PY-NLS of TLS was substituted by that of hnRNP A1, known as M9NLS (Supplementary Figure S7A ). This substitution changed most residues in the C-terminal region. TLS-M9 was indistinguishable from TLS in both subcellular localization and splicing regulation ( Supplementary Figure S7B and C). Thus, the role of the C-terminal region in the splicing regulation was sufficiently explained by the nuclear localization activity of PY-NLS.
The effect of ALS-associated mutations on intracellular localization
We next examined the effect of ALS-linked mutations on murine TLS activity and localization ( Figure 6A ). We first tested the intracellular localization of TLS mutants in N2a cells ( Figure 6B and Supplementary Figure S8 ). Remarkably, K502E, R514G and P517L showed strong cytoplasmic localization ( Figure 6B and red bars in C). All these residues were included in the consensus residues of PY-NLS (residues in red in Figure 6A ) that was predicted previously (11) . Other mutations were not significantly different from wild-type TLS except for a small increase in average NCI of R506G ( Figure 6C ). However, a detailed analysis of NCI distribution revealed that H509P, R510K, R513G and R516S showed a small increase in the fraction of cells with NCI greater than 0.1 when compared to wild-type TLS (Supplementary Figure S3B) . Interestingly, R506G, H509P and R513G showed clear increase in average NCI in COS-7 cells (Supplementary Figure S3C) . We tested several drugs and found that actinomycin D (ActD), a transcription inhibitor, enhanced cytoplasmic localization of wild-type TLS in N2a cells ( Figure 6C ). Strikingly, however, all C-terminal mutants showed higher cytoplasmic localization compared to wild-type TLS in the presence of ActD (Figure 6C, gray bars) . ActD did not alter the localization of EGFP alone (data not shown). Thus, localization of the C-terminal mutants was variable and dependent on cell types and cellular conditions. In contrast, N-terminal mutations did not cause major changes in nucleocytoplasmic distribution of TLS.
Cytoplasmic TLS formed large and small granular structures as observed for TLSÁex15 and NES-TLS ( Figure 6D-F and Supplementary Figure S8 ). For example, P517L showed cytoplasmic accumulation with some large granules colocalized with eIF3 ( Figure 6D ). Small granules of P517L were occasionally colocalized with PBs but not with SGs ( Figure 6E and Supplementary Figure S4E ). Most notably, cells with a massive accumulation of P517L had fewer PBs as in the case of Áex15 ( Figure 6F ). We prepared cells strongly expressing EGFP-P517L using fluorescence-activated cell sorting (FACS) to enrich PB-depleted cells. In a western blot analysis, the level of Rck was not decreased in Figure S4F ), suggesting that the observed loss of PBs by P517L was likely due to redistribution of Rck rather than its reduction.
P517L-expressing cells compared to corresponding cell populations of EGFP or EGFP-TLS (Supplementary
To exclude that EGFP-tag in the N-terminus affected the localization of TLS, we examined the localization of tag-free TLS with or without ALS mutations. We utilized an N2a-derived cell line stably expressing artificial microRNA (miRNA) that effectively silenced the endogenous TLS (TLS-KD cells, Supplementary Figure  S9A and B) . TLS(res) was designed to be resistant to the miRNA-mediated RNAi because of substitutions in the region targeted by the miRNA (Supplementary Figure  S9C) . TLS(res) without any tag was transfected into the TLS-KD cells, which allowed specific detection of TLS(res) by anti-TLS antibodies. Subcellular localization of tag-free TLS(res) and its mutants was consistent with that of EGFP-fused ones (Supplementary Figure S9D ). In addition, human tag-free TLS with P525L mutation (corresponding to P517L in mouse) showed intracellular localization similarly to the mouse counterpart (Supplementary Figure S9E ).
The effect of ALS-linked mutations on E1A splicing
Since some of ALS-linked mutations altered the localization of TLS, it was expected that these mutations affect splicing regulation as well. Although other mutations did not affect subcellular localization, we thought they could affect splicing by disrupting protein-RNA or proteinprotein interactions even with normal nuclear localization. We examined the effect of ALS-linked mutations on the splicing regulatory activity of EGFP-TLS. Among the TLS mutants examined, K502E, R514G and P517L exhibited aberrant regulation of E1A/mut12s splicing ( Figure 7A ). This was not due to decreased protein expression of these mutants ( Figure 7B ). Rather, these mutants showed a non-significant tendency towards increased protein levels. All the other mutations did not significantly affect splicing regulation ( Figure 7A ), consistent with their predominant localization in the nucleus (Figure 6B and C). Thus, there was a clear correlation between mutations of PY-NLS consensus sequence ( Figure 6A , residues in red) and deficits in splicing (Figure 7) .
Phospho-mimetic substitution at Ser505 modulates the effects of ALS-linked mutants
As demonstrated in Figure 6 , intracellular localization of TLS mutants could be dependent on the context including protein environment and/or modifications. We noticed that Ser505 (Ser513 in human) located in the PY-NLS region is a potential phosphorylation site of multiple kinases including CK2, DNA-PK, GSK3, PKC, PKR and others, which were predicted by Group-based Phosphorylation Scoring Method (45) . We introduced a phospho-mimetic mutation of S505D in EGFP-TLS and some of the mutants. Although S505D itself did not alter the nucleocytoplasmic distribution of wild-type TLS, this substitution clearly enhanced cytoplasmic localization of G499D, H509P, R510K, R513G and R516S in both N2a and COS-7 cells ( Figure 8A) . In contrast, the distribution of S505D/H509Q was not different from H509Q in these cells ( Figure 8A) . Although H509Q and H509P are mutations of the same residue, the effect of S505D on these mutants were dramatically different ( Figure 8A and B) .
We also tested splicing regulatory activity of these mutants. While S505D and S505D/H509Q exhibited normal splicing regulation of E1A/mut12s, S505D/ H509P and S505D/R510K showed an impaired regulation with a greater extent for S505D/H509P ( Figure 8C ). Protein levels of these two mutants were not decreased compared to others (Supplementary Figure S6C) . Thus, the effect of ALS-linked mutations in the C-terminus could be enhanced by phosphorylation at S505, although this effect was dependent on individual mutations.
DISCUSSION
Identification of TLS mutations in ALS raises the question of whether these mutations result in gain or loss of function of the protein. TLS mutations were found in multiple regions in the gene. In addition, TLS pathology has been identified in FTLD and ALS patients even without TLS mutation. These observations emphasize the importance of understanding the determinants of the TLS function and localization. Here, we identified multiple structural determinants of TLS and provide the first evidence for the effect of ALS-linked mutations on a nuclear function of TLS.
Determinants of intracellular localization and splicing regulatory activity of TLS
By an extensive deletion analysis, we have identified TLS domains that determine the intracellular properties of TLS ( Figure 9A ). First, a previously predicted PY-NLS located in the C-terminus was verified by the sensitivity to a specific inhibitor, M9M. In addition, the effect of PY-NLS mutations was stronger when the consensus residues were mutated ( Figure 6C ). Since all TLS deletion mutants containing PY-NLS were always localized exclusively in the nucleus (Figure 2 ), PY-NLS is a dominant determinant of localization. Second, an NES was predicted and functionally verified by a specific inhibitor, leptomycin B ( Figure 3C) . Remarkably, the Grich-RGG1 region was found to suppress cytoplasmic accumulation of RRM, suggesting a context-dependent activity of the NES. Third, QSYG in the N-terminus showed accumulation in the nucleoplasm and exclusion from the nucleolus. On the other hand, RGG2 and RGG3 showed a propensity to accumulate in the nucleoli, which was suppressed by the presence of ZnF. RGG2 and RGG3 may be involved in the nucleolar localization of TLS upon inhibition of RNA polymerase II (46) . However, in normal state, this effect seems to be suppressed by ZnF (or perhaps by mRNA-binding) and antagonized by the QSYG region. Interestingly, TLS was found to be a component of Drosha-DGCR8 complex associated with miRNA processing and nucleolar compartment (47, 48) . However, TLS may not be an essential component of miRNA biogenesis as TLS-KD cells could maintain miRNA-mediated gene silencing despite a severe Figure 7 . Splicing regulation of ALS-linked mutants of EGFP-TLS. (A) Quantification of splicing assay results using E1A/mut12s. Bars represent the ratio of 9S (mean ± SD). All TLS mutants except for K502E, R514G and P517L exhibited statistically significant difference from EGFP (P < 0.01), while K502E, R514G and P517L were different from wild-type TLS (*P < 0.01, ANOVA and Tukey's test. n = 4-7). (B) The expression levels of TLS mutants. EGFP-TLS mutants were detected using anti-GFP antibody in a western blot analysis. Bar chart shows the relative protein levels of wild-type or mutant EGFP-TLS that were normalized by LaminB (mean ± SD, n = 4). No significant difference from the wild-type was detected by ANOVA and Dunnett's test. G158E reproducibly showed slightly slower migration compared to the others. Figure S9A) . Finally, RGG2, ZnF and PY-NLS were found to be essential for splicing regulation of TLS. The former two motifs may play a role in RNA-binding and the PY-NLS increases the nuclear concentration of TLS, which may synergistically facilitate splicing regulation. Thus, these results revealed not only the localization of TLS subregions but also potential interactions among multiple domains. In this regard, it is interesting that the N-terminus and C-terminus of TLS binds to each other, Figure 5 (mean ± SD, n = 3). TLS, S505D and S505D/H509Q showed significantly higher ratio of 9s compared to EGFP (P < 0.05). On the other hand, S505D and S505D/ H509Q was not significantly different from TLS. In addition, S505D/H509P and S505D/R510K showed significantly decreased activity compared to TLS, with a greater extent for S505D/H509P (**P < 0.01 and *P < 0.05, ANOVA and Tukey's test). and this interaction is allosterically regulated by RNA (49) . In addition, several post-translational modifications of TLS have been identified and some of them can modulate the intracellular localization or nucleic acid binding of TLS (50) (51) (52) (53) (54) . Taken together, complex interactions and regulations among multiple subregions of TLS through RNA-binding and/or post-translational modifications might underlie the multifunctional aspects of TLS.
depletion of TLS (Supplementary
In this study, we utilized EGFP-fused TLS, which faithfully reproduced nuclear localization of TLS. In contrast, TLS-EGFP lost exclusive nuclear localization (Supplementary Figure S1 ). This was not simply because of the size of EGFP as a tag, since a similar effect was observed with EGFP-TLS-ext containing an extension of only 13 amino acids (Supplementary Figure S1 ). It is unusual that C-terminal extension or tagging affected the function of PY-NLS, since this motif can be found in internal regions of other proteins. One possibility is that the C-terminal residues used in this study (Supplementary Figure S1 ) are specifically incompatible with the PY-NLS. Alternatively, PY-NLS of TLS might have to be located at the end of the protein.
Variable effects of ALS-linked mutations
In this study, we utilized the murine TLS protein and its mutants. This may be suboptimal for understanding TLS in the context of human disease. However, TLS is a highly conserved protein and the key molecular features of TLS are expected to be conserved. In particular, the C-terminus region is perfectly conserved. In addition, the analysis of murine protein is directly relevant to the studies using mouse tissues and genetic models.
Series of experiments clearly demonstrate that PY-NLS function is tightly correlated with not only nuclear localization but also splicing regulation. The effects of ALS mutations on splicing could not be attributed to altered expression level or functional motifs in the C-terminus other than PY-NLS ( Figure 7B and Supplementary Figure S7 ). One clear conclusion is that among the mutations in the PY-NLS region, those that alter the consensus residues of PY-NLS affect both localization and splicing much more strongly than others. In contrast, the other mutations in the C-terminus exhibited more variable effects, which are highly dependent on the context including cell types, conditions and protein modifications ( Figures 6C, 8A, B and Supplementary Figure S3C ). For example, we observed little or no difference in both localization and splicing regulation between H509Q and H509P in N2a cells ( Figures 6B, C and 7A ). Despite the mutation of the same residue, H509P showed dramatically stronger effects on both cytoplasmic localization and splicing regulation than H509Q when combined with S505D substitution (Figure 8 ). This is of interest because their human counterparts H517Q and H517P are associated with recessive and dominant inheritance, Figures 6C, 8A, Supplementary Figure S3B and C. The sequence of the PY-NLS region is shown as in Figure 6A . respectively, correlating PY-NLS function or splicing regulation with the mode of inheritance. Another interesting finding is that all C-terminal mutants including H509Q showed an enhanced cytoplasmic localization compared with wild-type in the presence of ActD ( Figure 6C) . The difference of the effects between ActD and S505D ( Figures  6C and 8A) suggests that the effect of ActD may involve a mechanism other than S505 modification. Based on the results of localization and splicing regulation, we classified C-terminal mutations as shown in Figure 9B . We speculate that the effects of ALS-linked mutations may be maximized in some cell type(s) of spinal cord depending on cellular conditions. These results verify that C-terminal mutations can cause an aspect of loss of nuclear function of TLS. It is interesting to examine whether splicing misregulation is observed in ALS6 patients as in sporadic ALS (28) . In addition, other nuclear functions of TLS such as transcriptional regulation might be also affected by the disruption of PY-NLS. S505D and possibly other modifications may alter the affinity between PY-NLS and transportin together with ALS-linked mutations. Currently, some of posttranslational modifications of TLS were reported to alter the properties of TLS, though the phosphorylation of S505 has not been identified (50) (51) (52) . Arginine methylation is of interest as it can promote nuclear exclusion of EWS, a paralog of TLS (55, 56) .
We found that non-C-terminal mutations showed no effects on localization or splicing regulation. Lack of mislocalization was not due to the EGFP tag in the N-terminus, since tag-free non-C-terminal mutants were also localized exclusively in the nucleus (Supplementary Figure S9D ). In addition, S505D did not enhance the effect of these non-C-terminal mutations ( Figure 8A) . Currently, there are some possibilities regarding the effect of non-C-terminal mutations on TLS function. The non-C-terminal and C-terminal mutants might cause some specific deficits other than splicing regulation. Alternatively, non-C-terminal mutations might involve a distinct pathogenic pathway from C-terminal mutations. In both cases, it is also possible that some post-translational modification other than S505 phosphorylation and/or some specific cellular condition including cell types are required for the pathological effects of non-C-terminal mutations.
Cytoplasmic granules of TLS
Mutations that affect PY-NLS resulted in the formation of cytoplasmic granules that include SG-like structures. Although SGs are induced by various stresses as indicated by the name, more than 10 proteins are known to nucleate or induce SGs by themselves when overexpressed (40) . Although the physiological and pathological significance of protein-induced SG formation is not well understood, this may cause not only cytoplasmic sequestration of TLS but also reorganization of intracellular ribonucleoprotein complexes and alter mRNA metabolisms. Indeed, the integrity of PBs was affected in cells with massive cytoplasmic accumulation of TLS as determined by the localization of Rck, an essential component of PBs (57) .
Thus, TLS mutants could have an aspect of gain of function, in which the interactions and flux of RNA-binding proteins and mRNA are misregulated. Remarkably, basophilic inclusions found in BIBD patients are positive for SG markers such as TIA-1 and PABP and also contain TLS, highlighting the relationship between TLS inclusions and SGs (14, 58) . In addition to SGs, we observed smaller cytoplasmic granules of TLS partially colocalized with PBs, although many small granules were negative for both anti-eIF3 and anti-Rck. It is possible that these small granules are immature SGs and occasionally fused or docked with existing PBs (59) . For future analyses, these RNA granule-like structures must be investigated in neurons since TLS is a component of neuronal granules involved in mRNA transport (60) (61) (62) . Such cytoplasmic fraction of TLS with or without mutations may be predisposed to the assembly of SGs.
During the article preparation, a paper with closely related subjects was published (63) . In agreement with our results, nuclear localization of HA-tagged human TLS in HeLa cells is altered depending on the mutation in the PY-NLS, while non-C-terminal mutations do not affect nuclear localization. In addition, ALS-linked mutations facilitate recruitment of TLS into SGs (63) . Although our results are consistent with the report, one experimental difference is that in their study recruitment of TLS into SGs required stress treatment. The discrepancy can be because of the cell type utilized. Consistent with their results, we hardly observed SG-like granules of our TLS constructs in HeLa cells (data not shown). In contrast, SG-like granules were easily observed in COS-7 cells, suggesting the importance of the cell type. In this regard, it is important to note that our P517L construct could form cytoplasmic granules in primary cortical neurons (unpublished data). Furthermore, we also tested tag-free P517L mutant and its human counterpart in N2a cells and observed cytoplasmic granules (Supplementary Figure S9D and E). Therefore, the formation of cytoplasmic granules is not an artifact of EGFP-tagging and could be a common feature of human and mouse TLS.
In conclusion, ALS-linked mutations variably disrupt not only PY-NLS but also splicing regulation and their effects are enhanced by post-translation modifications such as phosphorylation. ALS-linked mutations could be classified into three groups, PY-NLS consensus mutations, non-consensus C-terminal mutations and non-Cterminal mutations. Currently, the effects of non-Cterminal mutations are unclear. Therefore, an important next step is to determine the protein modification of TLS and analyze their effects in combination with ALS-linked mutations. In addition, it is indispensable to characterize neuropathological and clinical genotype-phenotype correlation in patients with TLS mutations, especially for non-C-terminal mutations. Lastly, our results emphasize the importance of understanding the mechanism of RNA granule metabolisms, as TLS is involved in the regulation of both SGs and PBs. Remarkably, known SG inducers include proteins associated with neurological diseases such as FMRP, SMN1, DISC1, TIA-1, TIAR and angiogenin (64-69). Cell type-dependent differences in the properties of RNA granules might be another general issue to be elucidated.
